ABSTRACT: The rainfall characteristics over the Brazilian Amazon were analysed using 3 yr of 3 h data from 24 rain gauges. During this period, areas in the eastern sector experienced up to 22% of rainy hours, while those in the southern sector recorded up to 7%. In the northern Amazon, rain tends to occur during the night, while in southern, central and central-western Amazon it occurs mainly in the afternoon. In contrast, over the eastern Amazon, rain occurs late at night and early in the morning. Harmonic analysis revealed an increase in the phase of the first harmonic phase from eastern towards central Amazon, suggesting that the rain propagates in that direction. The amplitude of the first and second harmonics revealed the existence of a relatively dry area inland about 500 km from the Atlantic coast. This area seems to be the limit for the inland penetration of systems originating at the coast. The phase of the first harmonic revealed small differences between the diurnal cycles of rainfall during the wet and dry seasons, suggesting that there is no difference between low-level circulations in either season.
INTRODUCTION
The large spatial and temporal variability of the precipitation regime over the Amazon can be related to dynamic aspects of the regional atmospheric circulation. During the austral summer (December-February) and autumn (March-May), rainfall over the Amazon Basin reaches its maximum, with the largest annual amounts increasing from the central and southern Amazon towards the northern Amazon. During the austral winter (June-August) and spring (September-November), rainfall is at its minimum over most of the area. The region exhibits 3 main centres of high precipitation located in its northwestern, central and eastern parts, which experience about 3000, 2500 and 2800 mm yr , respectively (Figueroa & Nobre 1990 , Rao & Hada 1990 , Souza et al. 2000 . Rain-gauge measurements show that the annual amount of precipitation over the Brazilian Amazon ranges from 1267 to 3549 mm (De Paiva & Clarke 1995) . Changes in the precipitation regime over this area have been related to El Niño, La Niña and variations in the sea-surface temperature in the Atlantic Ocean (Marengo 1992 , Souza et al. 2000 . El Niño and an Atlantic positive dipole (negative dipole) occurring together contribute to decreasing (increasing) rainfall over the region. In addition, precipitation over some parts of the Amazon can be influenced by the North Atlantic High and the Tropical Atlantic sea-surface temperature (Costa & Foley 1999 ). The precipitation regime over the Amazon is mainly modulated by the Inter-Tropical Convergence Zone (ITCZ), the South Atlantic Convergence Zone (SACZ) and the Bolivian High (Kodama 1992 , Nobre & Shukla 1996 , Kayano et al. 1997 .
Although the annual and monthly behaviour of precipitation over the Amazon has received much coverage in the literature, little attention has been given to the diurnal cycle of rainfall. Dai (2001) however, has found that non-showery precipitation tends to occur at about 06:00 h Local Solar Time (LST) over most land areas, and between 00:00 and 04:00 LST over many oceanic areas. Over the North Pacific, North Atlantic and many other oceanic areas near the continents, showery precipitation occurs at about 06:00 h LST. Over the tropical and southern oceans, precipitation maxima tend to occur at around 04:00 h LST. Over most land areas in the Tropics, showery precipitation and thunderstorms occur more often late in the after-noon, from about 15:00 to 19:00 h LST (Dai 2001) . The phase of convective activity over land in the South and Central Americas, South and Central Africa, India and Borneo is generally from late afternoon to evening (Houze et al. 1981 , Hendon & Woodberry 1993 , Yang & Slingo 2001 . Specifically over the eastern coast of the Amazon, it has been found that peaks of rainfall tend to occur at 05:00 h LST in Marajó Island and at 17:00 h LST in Belém (Kousky 1980) . In the central Amazon, near the convergence between the Amazonas and Negro rivers and over the Reserva Florestal Ducke, located at 25 km from Manaus, peaks of precipitation occur at 12:00 and 15:00 h LST, respectively (Lloyd 1990 , Cutrim et al. 2000 .
Despite the low rain-gauge density over the Amazon Basin, the pluviometers in that area are sufficient to allow evaluation of some rainfall characteristics and also to be very useful as ground truth for satellite applications. The main purpose of the present study is to analyse 3 yr of previously unavailable rain-gauge data over the Brazilian Amazon so as to increase knowledge of the diurnal variations of rainfall over this area.
DATA AND ANALYSIS METHOD
The nature of the diurnal rainfall cycle was established using harmonic analysis, which yields information about the amplitude and phase (timing) of the peak in a time series. The methodology followed is that outlined by Wilks (1995) . Accordingly, rainfall is modelled at time t in a series y by the harmonic function:
where y is the mean of the series, n is the period, C is the amplitude, φ is the phase and k is the harmonic number. The amplitude C is estimated by:
(2) where A 1 = 2/n × Σy t cos(2πt/n) (3)
The phase can then be derived using:
For this analysis n = 8: eight 3 h observations of rainfall over a 24 h cycle starting at t = 00:00 h.
Rainfall observations from 24 meteorological stations spread over the Brazilian Amazon covering the period from 1 January 1998 to 31 December 2000 were used in the analysis. The data were supplied by Centro de Previsão de Tempo e Estudos Climáticos -CPTEC-INPE (Centre for Weather Forecast and Climate Studies), Agência Nacional de Energia Elétrica -ANEEL (Brazilian National Agency for Electric Energy), and Instituto de Aeronáutica e Espaço -Divisão de Ciên- cias Atmosféricas -IAE-DCA (Brazilian Institute of Aeronautics and Space -Division of Atmospheric Sciences). ANEEL and CPTEC-INPE supplied data on an hourly and 3 h basis, respectively (pluviometer resolution equal to 1 mm). IAE-DCA supplied data on an hourly basis (pluviometer resolution equal to 0.2 mm). Fig. 1 shows the rain-gauge locations in the study area.
Due to format differences, all data sets were reformatted to be consistent with the CPTEC-INPE 3 h data set. The time reference used was Greenwich Mean Time (GMT). Valid data were defined as the mean rainfall which occurred each 3 h and a rain event was defined as any valid data greater than 0 mm h -1
. A missing-data analysis was performed in order to evaluate the reliability of the data, and descriptive statistics were computed using the entire data set. As described above, harmonic analysis was applied to the entire data set in an attempt to model the form of the diurnal cycle of rainfall over the study area. The original data set was also stratified into dry (December-May)-and wet (June-November)-season data sets in order to establish whether seasonal differences in diurnal rainfall characteristics exist.
RESULTS AND DISCUSSION

Missing-data analysis
The results of the missing-data analysis are shown in Table 1 . Total and hourly percentages of missing data for each rain gauge are shown; these percentages were assessed using the ratio between the total of valid data values recorded by a rain gauge and the total of possible valid values over the study period (8768 values). All rain gauges were included in the study because, despite the high values of total missing data for some rain gauges, their hourly distribution was low. Fig. 2 shows the frequency of rain events per hour for each rain gauge. At northern Amazon sites near the coast, most of the rain events occur in the morning, while sites located in the interior have a maximum of rain events at night. In the eastern Amazon, Alcântara, Santarém and Marabá exhibit peaks of rain events at night, while in Belém, Altamira and São Félix do Xingu 
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Frequency of Rain Events peaks occur in the afternoon. In the central Amazon, most of the rain events occur during the day; however, in Tefé the highest values occur in the morning, while in Moura and Manaus they occur in the afternoon. In the central-western Amazon, rain events tend to occur during the day, mainly in the afternoon, except for Humaitá, where they tend to occur at night. In the southern Amazon, the highest percentages of rain events occur in the evening.
Rain-gauge descriptive statistics
The main statistics of the rain-gauge data set are shown in Tables 2 & 3. In the northern Amazon, Oiapoque records both the highest mean rain rate and the highest proportion of rainy hours of all stations. Boa Vista exhibits the lowest mean rain rate for all hours and the highest rain rate for rainy hours. Although it seems to be the driest rain gauge in the northern Amazon, it has the highest intensity of rain. The maximum rainfall registered for Boa Vista in a period of 3 h was 107.7 mm, while the maximum for Oiapoque was 74 mm. From the eastern towards the central Amazon, the mean rain rate for all hours and the proportion of rainy hours decreases, reaching the lowest values in São Félix do Xingu and Marabá, and increases again, reaching maximum values in Manaus and Porto Velho. The high mean rain rate exhibited by São Gabriel da Cachoeira, in the central-western Amazon, may be overestimated due to the lack of data during the dry season of 1999. All sites in the southern Amazon have low mean rain rates compared with other parts of this region. This might be due to the pronounced dry season over this area (shown in the following sections). Fig. 3 shows the mean rain rate as a function of time (diurnal cycle) for each rain gauge in each season. Clear dry and wet periods are evident at each site. North of the Equator, changes in the seasonality of the rain occur gradually northwards. In Macapá and Oiapoque, the wet (dry) season occurs from December to May (June to November) and reaches its maximum in MAM (SON). Perimetral Norte presents the same pattern; however, the dry season occurs in JJA. In Boa Vista and Vila do Apiaú, the wet (dry) season occurs from March to August (September to February) and reaches its maximum in JJA (DJF).
Seasonality of the rainfall
The mean rain rate for seasonal diurnal cycles seems to decrease from northern and eastern regions towards the southern Amazon; however, the time of maximum precipitation during different seasons seems to be similar at almost all the sites. Fig. 3 shows that the more southerly the station, the lower the amplitude of the mean rain rate. This is caused by long periods of no or very few rain events occurring in the southern Amazon, where, for example, only 9 rain events from a possible total of 736 observation points were registered at Aragarças during the period from 1 June to 31 August 2000. Fig. 4 shows the sum of the first 2 harmonics plus the mean rain rate (Table 2) , the annual diurnal cycle of rainfall assessed from the original data and the Pearson correlation between the two. Except for Aragarças, all rain gauges possess significant (at the level of 0.05) correlations.
Harmonic analysis and annual diurnal cycle of rainfall
Harmonic dials that portray the amplitude and phase of the first and second harmonics are shown in Figs. 5 & 6, respectively. Belém shows the highest amplitude for the first and second harmonics and their phases point to 18:09 h GMT and 10:59/22:59 h GMT, respectively. From this area towards the central Amazon, the amplitude of both harmonics decreases up to Altamira, Marabá and São Félix do Xingu, and it increases again towards the central and western Amazon. This trend has been noted previously by others (Kousky 1980 , Greco et al. 1990 , Garstang et al. 1994 ) such that the convective activity produced at the Atlantic coast by sea and land breezes propagates inland towards the central Amazon, as squall lines which remain active for up to 48 h. These instability lines are mesoscale to synoptic systems of generally linear orientation and travel at an average speed of 50 to 60 km h -1 . A second convergence zone, ranging in size from 10 3 to 10 5 km 2 , originates in the central Amazon and moves westwards at speeds of 10 to 40 km h -1 . The hours of daily maximum showed by the first harmonic seem to be in agreement with Greco et al. (1990) and Garstang et al. (1994) . It is possible that the movement of both systems modulates the hour of maximum rainfall occurrence along their path and is responsible for the shift of the phase over the eastern and central Amazon.
The phases observed in this study are different from those presented by Lin et al. (2000) , who used radar and passive microwave data from the Tropical Rainfall Measurement Mission (TRMM) satellite. The passive microwave data showed evening maxima over the central and southern Amazon and late-night maxima over the northern Amazon. Radar data indicated evening maxima over the southern portion of the Amazon. The differences between satellite and surface data possibly result from the low number of samples acquired by the satellite.
It is not clear whether there is an increase in phase from the central towards the western Amazon, due to the lack of stations between these areas. Instead, considering the trend of phase from the west towards the centre of the Amazon, one can see that the phase values seem to increase in that direction. If this is true, intriguing questions are raised, such as: (1) Could the convergence of katabatic flows originating over the eastern slopes of the Andes Cordillera with warm and moist air masses in the Andes foothills induce a convergence zone in that area? (2) Is it possible that systems originating in such a convergence zone could propagate towards the central Amazon? Unfortunately, the rain-gauge network is not dense enough to answer such questions. Although remote sensing might be used to shed light on the nature of the suggested mesoscale interactions, infrared imagery does not produce reliable information about the precipitation near the surface. Furthermore, passive microwave data do not have the requisite temporal resolution. An intermediary approach could be the use of data from the TRMM satellite, which carries the first orbital radar and passive microwave radiometer (Simpson et al. 1988 , Kummerow et al. 1998 , NASDA 2001 , de Angelis et al. 2004 ).
Harmonic analysis and seasonal diurnal cycle of rainfall
A comparison of the amplitude and phase characteristics of the summer (December-May) and winter (June-November) diurnal rainfall pattern revealed no noteworthy differences to that of the annual diurnal cycle. Table 4 shows the first harmonic phases converted into hours extracted for 3 different periods. In the summer, peaks of precipitation tend to occur earlier in the day than in the winter. Variations in timing of the daily maxima of rainfall are attributed to the convective (stratiform) regime that prevails in summer (winter). The high values of the differences found for Tefé, São Félix do Xingu and Araguaia are attributable to the missing data, which have greater prevalence during the dry season. The results show that the diurnal cycle of rainfall is very similar for each period. This suggests that the low-level circulation over the study area is not strongly affected by seasonality.
SUMMARY AND CONCLUSIONS
This study has investigated rainfall characteristics over the Amazon based on 3 h time series compiled from 24 rain gauges over 3 yr (1 January 1998 to 31 December 2000). Results confirmed the high spatial and temporal variability of rainfall over the study area. The northern (southern) Amazon was the wettest (driest) part and the pronounced seasonality of the rain was clearly evident for almost all raingauge locations analysed, even along the eastern coast of the Amazon, where long periods of continuous precipitation occur. For all locations, a clear diurnal cycle of rainfall is evident; however, precipitation peaks occur at different times throughout the day. Harmonic analysis revealed that the amplitude of the first and second harmonics decreased from the Atlantic coast towards the central Amazon and increased again in the central and western Amazon. The first harmonic phase increased in a westerly direction from the Atlantic coast to the central Amazon. However, it would appear that this trend is not sustained beyond the central Amazon, as analysis results revealed an increase in the phase from the west towards the central Amazon. In contrast to previous studies, this finding raises the possibility that rainfall systems propagating from the east cannot Table 4 . Phases of the first harmonic converted into hour (GMT). Annual, Summer and Winter: time when the precipitation reaches its maximum according to the phase of the first harmonic. Summer-Annual, Winter-Annual and Winter-Summer: difference between the hours of maximum rainfall assessed for each period reach the Andes Cordillera. Instead, westward propagation may occur due to the interaction of cold strong katabatic flows, originating from the eastern slopes of the Andes, with warm and moist air masses present over the Andes foothills. Such a hypothesis provides a strong justification for the investigation of Amazon Basin rainfall systems using mesoscale meteorological modelling that assimilates both satellite and observational data.
